Abstract: Magnetic polariton resonance, standing wave, and their coupling have provided interesting and exotic characteristics for infrared metamaterial. In this paper, the metalinsulator-metal metamaterial absorbers consisting of either single layer dielectric or bilayer dielectrics are discussed to reveal the geometric and dielectric thin film control of resonance absorption modes. These absorption modes can be independently manipulated by specific geometrical parameters, and thus provide a multi-peak characteristic for the metamaterial absorber. Comparing to the single dielectric structure, a new freedom of modes control is introduced to the bilayer dielectric structure by the addition of low epsilon MgF 2 , and then results in a quasi-continuous broadband absorption in the range of 5-8 μm. Experimental result further demonstrates the broadband effect, consistent with the numerical simulation.
Introduction
The recent advancements of nanotechnology have extensively promoted the development of metamaterials with unique electric and magnetic properties in the research field of optics [1] - [3] . It is well known that an induced electromotive force always gives rise to a current whose magnetic field opposes the change in original magnetic flux according to Lenz's law. In the view point of equivalent circuit or transmission line method, magnetic polariton (MP) mode is generated similarly within metamaterial absorber structures due to its local interaction between surface currents and magnetic quantities [4] , [5] . Standing wave modes (SW) can be excited in the insulator/metal alternating film structures, and results in a significant effect on light absorption [6] , [7] . It is indicated that light, as a kind of electromagnetic wave, can be well-absorbed by micron or nanometer metamaterial structures, and there are great application prospects in many fields, especially at infrared, such as infrared absorber [8] - [10] , thermal radiation regulation [11] , [12] , solar cells [5] , [13] , [14] , sensitive detector [15] , [16] and so on. Metal-insulator-metal (MIM) stack is one of the most common structures employed by infrared metamaterial absorbers in recent years [17] - [24] . The absorption mechanism of these structures is usually based on MP. However, the absorption bandwidth of a single MP mode is relatively narrow that it usually requires multiple response units to obtain broadband absorption or multiple peaks performance. It means that the structure of the broadband MIM absorber should be relatively complex. Generally speaking, there are three types of broadband MIM metamaterial absorbers. The first type structure has unit cell consisting of 2 to 4 metal patterns, and the simulated bandwidth with absorptivity greater than 0.8 is about 1-2 μm in the infrared region [17] - [20] . The second type of structure consists of multiple MIM stacks. Here, the number of layers can reach to 40, and the simulated bandwidth with absorptivity greater than 0.8 is about 2-3.5 μm in the infrared region [19] , [21] , [22] . The third type is geometrical grading structure, which combines the characteristics of the first type structure and the second type structure, and the simulated absorption bandwidth with the absorptivity greater than 0.8 can reach 3 μm [23] , [24] . Samples with absorptivity above 0.8 have an absorption bandwidth below 2 μm [18] , [21] . These structures are easy to implement in design and simulation, but they are not easy to be fabricated and costly.
In this paper, rectangular grating structures of MIM metamaterial absorber are designed to excite more than one electromagnetic resonance mode. The geometric parameters of the proposed structures are adjusted to achieve hybrid mode and broadband absorption performance. Different dielectrics are introduced into the structure to control the resonant wavelengths of MP or SW modes. Fig. 1 illustrates the schematic of the proposed rectangular grating structure. The structure consists of aluminum (Al) grating, dielectric thin films and a continuous metal film at bottom. The constant geometric parameters include, the periodic constant of the structure, a = 5 μm, and the thicknesses of Al and the bottom metal film, t A l = t m = 0.1 μm. The variable geometric parameters include b x and b y , the length and width of the rectangular grating, and t d1 , t d2 , the thicknesses of the dielectric films. The CST Microwave Studio [25] is utilized to investigate the characteristics of the designed structures. In simulation, TM polarization is adopted as the incident wave, with the electric field along the x direction and the magnetic field along the y direction. The unite cell boundary condition is set for simulation. The frequency-dependent absorption could be written as A (ω) = 1 − R (ω) − T (ω), where T (ω) and R (ω) are the frequency-dependent transmission and reflection, respectively. Since the bottom metal layer (the continuous titanium nitride (TiN) or platinum (Pt) film) is thick enough to promise no light transmission (T (ω) = 0), the absorption calculation could then be simplified to A (ω) = 1 − R (ω). The relative permittivity parameters of the materials used in the simulation are obtained from references [26] - [28] . 
Results and Discussions

Structure and Simulation Details
Analysis of Single Layer Dielectric Case
In this section, rectangular grating structures with 0.43 μm-thick silicon (Si) single layer dielectric are discussed. Fig. 2(a) shows the spectrum absorption as a function of incident wavelength and size of the rectangular grating. It is clear that there are three main absorption modes excited. To analyze the mechanism of each mode, the distribution of electric field at 6.40 μm for the structure of b x = b y = b = 2.25 μm are given in x-z plane and x-y plane, as shown in Figs. 2(b-d) . Additionally, the x component of the current density at 8.90 μm is given in x-z plane as shown in Fig. 2(e) .
The distribution of the E x field in Figs. 2(c-d) is mainly concentrated in the Si and Air regions between two neighboring rectangular grating patterns with negligible phase difference, indicating the existence of SW. The excitation conditions of SW at normal incidence can be written as [7] 
where k z is the effective wave vector of electromagnetic wave in dielectric,
is the refractive index of the dielectric, k 0 is the wave vector of the incidence wave, t d (= t Si = 0.43 μm) is the thickness of Si in this case, ϕ is the phase shift of the reflection at the interface of dielectric/metal, and m is the order of standing waves. Since ϕ = π for perfect electric conductor (PEC), and [29] for Si/TiN (k Ti N is the extinction coefficient of TiN), the relationship between the resonance absorption wavelength λ S of SW 1 (m = 1) and t d can be obtained from Eq. (1) as
Accordingly, the calculated result of SW 1 mode wavelength, a straight line independent of b, is shown in Fig. 2 (a) and supports the contribution of SW 1 to the absorption band at 6.40 μm.
The z component of electric field in Fig. 2 (b) is mainly concentrated between the upper and lower metal plates, showing the characteristics of the high-order magnetic polariton, which can be understood by the equivalent circuit model [30] . As shown in Fig. 2 (e), the high-order magnetic resonance mode excited in the rectangular grating structure can be predicted by the equivalent circuit model, and wavelength λ m of magnetic resonant peak is obtained by [4] 
where C m and L m are the equivalent capacitance and equivalent inductance, respectively, c 1 (0.288 ∼ 0.295) is the numerical correction factor, and n is the order of the magnetic resonance mode. The λ m of MP 3 obtained from Eqs. (3)- (5) is also shown in Fig. 2(a) . It is further proved that the absorption at 6.40 μm is caused by the concurrence of SW 1 and MP 3 . However, the black dotted line in Fig. 2(a) indicates the existence of a new standing wave mode, which is called SW N . In order to analyze SW N individually, we firstly separate it from the hybrid mode by changing the size of rectangular grating pattern. The E x field distribution of SW 1 and the E z field distribution of MP 3 in Figs. 3(a) and 3(b) are consistent with the distribution of the electric field in Figs. 2(c) and 2(b), demonstrating that the absorption includes MP 3 and SW 1 modes. As can be seen from the electric field distribution of Figs. 3(c) and 3(d), the SW N mode is excited in the cases of one-dimensional grating structure and the rectangular grating structure. In both two cases, the electric field distributions are close to the electric field distribution characteristics of the SW 1 mode. It is indicated that SW N should be a symmetric SW mode (along x direction) of SW 1 (along y direction) for the two-dimensional grating pattern.
The simulation results of Figs. 2 and 3 prove that the size optimization of the rectangular grating can achieve broadband absorption or multiband absorption by the control of variant modes. The standing wave mode SW N can be excited without affecting the standing wave mode SW 1 excited. This provides a new degree of freedom for the control of the absorption resonance modes. However, the intersection style of these modes makes the bandwidth of broadband absorption inevitably restricted at the intersection point. Eqs. (1)- (5) indicate that the absorption modes are extremely relevant to the dielectric in the structure. Therefore, the effect of the dielectric on the resonance absorption mode may help to solve the above problem.
Analysis of Bilayer Dielectrics Case
Different from the single dielectric case, magnesium fluoride (MgF 2 ) with low relative permittivity is added between the top Al layer and the middle Si layer to control MP absorption. At the same time, the influence of MgF 2 on SW modes should be strictly limited, so the thickness of MgF 2 always sets to a small value in this paper. It can be seen from Eq. (1) that the SW mode can be excited in the dielectric/metal stack when the phase of the electromagnetic wave satisfies the excitation condition. We change the thickness of any dielectric layer to extend or shorten the propagation path of light to modify the phase of the electromagnetic wave. Therefore, as long as the thickness of MgF 2 is sufficiently small, a slight shift in the resonant wavelength of the SW mode can be ignored (λ S ∝ (t Si n Si + t M gF 2 n M gF 2 )). And the E x field distributions in Figs. 3(d) and 3(a) are consistent with the E x distributions in Figs. 4(d) and 4(f), respectively, which also indicates that the presence of MgF 2 has no significant effect on the E x field distribution in the structure.
Different from the specific phase conditions satisfied by SW mode, it can be seen from Eqs. (3)-(5) that MP mode depends on the surrounding dielectric environment (λ m ∝ (
. Fig. 4(a) shows that a thickness span of MgF 2 in 0-100 nm, causes the shift of resonance wavelength of MP 1 and MP 3 significantly, while the SW absorption band moves quite smoothly. By comparing the E z field distributions in Fig. 3(b) and Fig. 4(c, e) , it can be found that the presence of the MgF 2 film affects the distribution of the E z field in the dielectric space, and the E z field in the MgF 2 film is significantly enhanced. This confinement can be easily understood by a simple argument. The z component of D = ε d E z is continuous so that E z,2 = (ε d1 /ε d2 )E z,1 . It is interesting to find that the absorption modes form a quasi-parallel and Figs. 3(c-d) . Fig. 4(b) shows that rectangular grating structures with double-layer dielectric have higher absorption and good selectivity in 5-8 μm than rectangular grating structures with single layer dielectric.
Further simulations were carried out to evaluate the absorption performance of this structure for oblique incidence. The parameters of the structure include t A l = t Ti N = 0.1 μm, t M gF 2 = 0.02 μm, t Si = 0.42 μm and b x = b y = 2.9 μm. The incident angle θ varies within the x-z plane, and θ = 0°w hen the electromagnetic wave is incident normal. Figs. 5(a) and 5(b) represent the angular dispersion of the absorption spectra of TE (the electric field along the y direction and the magnetic field along the x direction) and TM polarization respectively. For TM polarization, the broadband absorption characteristics are maintained quiet well with increasing incident angle, and the bandwidth of 0.8 absorption is retained up to 2.9 μm, even at 70°. This is because the direction of the magnetic field of the incident light remains unchanged with various incident angles and it can efficiently drive the circulating currents at most angles of incidence. Meanwhile, the second-order magnetic polariton mode (MP 2 ) is excited at about 10.60 μm with increasing angle. The E z field distribution corresponding to MP 2 is shown in Fig. 5(d) . To verify the validity of the simulation results, Bruker Tensor 27 Fourier transform infrared (FT-IR) spectrometer was equipped with a VeeMAX III variable angle specular reflectance accessory to measure the absorption of the sample (see Fig. 6(a) ). The absorption curves in Fig. 5(c) indicate that the absorption peak wavelength of the sample coincides with the simulated absorption peak wavelength, while the experimental absorption is lower than the simulated absorption at the resonance wavelength. We can explain the difference between the both through the following discussion. Fig. 7(b) shows a low reflectivity at the Si/TiN interface, which is detrimental to the MP and SW modes in the designed structure. And the actual roughness of the internal interface of the sample and the change in material dispersion characteristics near the interface will further reduce the reflectance at the Si/TiN interface, which causes the absorption of the sample to be attenuated at the resonant wavelength (5 ∼ 8 μm & 10.6 μm). For TE polarization, the absorption bandwidth and intensity decrease with the increasing of incident angle in Fig. 5(a) . (6) and (7) This is because the magnetic field along x direction weaker with the increasing of the incident angle, which cannot drive the circulating currents efficiently at large angles.
The sample shown in Fig. 6(a-b) is prepared by magnetron sputtering and photolithography processes. We first deposited thin films (bottom metal and dielectric layers) on a Si substrate, then spin-coated a layer of photoresist on the sample and processed the photolithography, followed by depositing the top Al film and lifting off the excess Al film around grating patterns. Fourier transform infrared (FT-IR) spectrometer microscope system (PerkinElmer Spotlight 200) was used to measure the absorption of our samples, and the light used in the measurement process was non-polarized. , and an isolated absorption band of SW N . Therefore, the modes between the weakly coupled state and the strongly coupled state may be more effective in obtaining a broadband absorption.
Meanwhile, the limitations of experimental fabrication usually cause the size of the deviation of structure. As can be seen from Fig. 2(a) and Fig. 4(a) , the change in the grating pattern size and the thickness of the MgF 2 film causes a shift of the resonant wavelength. Thus, the deviation of structural sizes broadens the absorption peak, which causes the absorption valleys (which are between adjacent absorption peaks) to be lifted, and the broadening effect of the peaks is also discussed in the Ref. [31] was observed. The grating pattern of the sample shown in Fig. 6(a) is not a perfect square, which can result in a continuous high absorption band in Fig. 6(d) . In addition to this, the roughness of the interface inside the sample also causes the difference of absorption between sample and simulation.
Finally, full width at half maximum (FWHM) λ absorption band shape factor Rectangularity (Rec.) are introduced to evaluate the performance of our sample, the λ and Rec. can be written as follows
where λ 1 (80% or 50%) and λ 2 (80% or 50%) are the minimum and maximum wavelengths when the absorption decreases to corresponding percentage of the maximum (80% or 50%). The larger is λ, the wider is the absorption bandwidth. The closer of Rec. is to 1, the better is the selectivity of absorption. As shown in Table 1 , λ and Rec. of the simulated and experimental absorption spectral of both two kind of samples are compared. The results show that the sample using TiN has wider absorption bandwidth whereas the sample using Pt has better absorption selectivity, which can be understood by the intrinsic parameters of the electrically conductive material. When the electromagnetic wave is normally incident, we calculate the reflection R of the interface of Si/Metal by the Fresnel's equation, which can be written as
where ε d (ε m ) and ε d (ε m ) are the real and imaginary parts of the relative permittivity of the dielectric (metal), respectively. The complex relative permittivity of the conductive materials and the calculated reflection R at the interface of Si/metal are shown in Figs. 7(a) and 7(b) . The results show that the reflection at the Si/TiN interface is lower than the other two (difference range: 0.2 ∼ 0.3), which leads to the absorption outside the absorption band unneglectable and the absorptivity decreasing slowly at the edge of the absorption band in Fig. 6(c) . It noted that the experimental absorption in Fig. 6(d) is better than the result in Fig. 6(c) . However, the absorption is derived from the excitation of the electromagnetic mode in the designed structure, and the higher reflection at the Si/metal interface will help to excite the MP and SW modes in the Al-MgF 2 -Si-Pt layer stack and enhance absorption. Therefore, it is necessary to optimize the structure by comprehensively manipulating the electromagnetic mode, adjusting the dispersion characteristics of the material and restraining the experimental error to find a balance between the absorption intensity, λ and Rec. of the absorption band.
Conclusion
In summary, we have demonstrated rectangular grating structures to investigate magnetic polariton mode, standing wave mode and their absorption performance. First, rectangular grating structures with single layer dielectric are proposed, which is composed of Al, Si and TiN. Hybrid mode of SW 1 -SW N -MP 3 is excited in the designed structure. These modes can be separated regularly from each other by changing the size of the rectangular grating. Especially, it is found that the standing wave mode SW N excited by the TE polarization is so sensitive to the size of the grating that it provides a new degree of freedom for the control of the resonance modes. Further, MgF 2 with low relative permittivity is added to control MP. When the thickness of MgF 2 is between 0.01 and 0.04 μm, the quasi-continuous broadband absorption performance can be achieved in 5-8 μm. And for TM polarization, the absorption peak is nearly independent of the incident angle. In addition, the FWHM and absorption band shape factor are calculated to evaluate the absorption bandwidth and selectivity of the designed structure. The effects of TiN and Pt on the absorption spectra of rectangular grating structures were compared by experiments and simulations. The results show that the former has wider bandwidth and the latter has better selectivity.
